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Rocket Motor Gear Tooth Analysis 
e r n e s t k. g a t c q m b e (Hertzian Contact Stresses and Times)1 
ROY W. PROWELL x ' 
Professors, U. S. Nava l Postgraduate 
School, Monterey, Cal i f . Mem. ASME jn this paper a rocket motor turbine-pump reduction gear system is analyzed in regard 
to Hertzian gear tooth contact stresses and times of contact. It is found that the Hert-
zian contact stresses vary from approximately 100,000 psi to 200,000 psi. The times 
of contact vary from three to eight viicrosec. Some observations regarding the cor-
relation between contact times and gear failures are made. It is indicated that it may 
be possible to establish design limitations on the contact times to insure satisfactory 
gear operation. Sample calculations for evaluating each of the typical quantities 
found in the tables are included. 
N THE rocket motor to be considered, the liquid 
oxygen ( L O X ) and fuel pumps are gear driven off the main tur-
bine shaft through sets of reduction gears as is shown in Fig. 1. 
The turbine shaft reaches full speed and full load in 1 sec from 
start-up. From the data given we have based our calculations 
on steady-state conditions of 27,000 rpm and 4000 hp. Neces-
sary information for consideration of the accelerating period was 
not supplied. The analysis pertains to a set of gears found to be 
most satisfactorily designed, thus a knowledge of the contact 
stresses and times of contact are pertinent. 
W e will show how these stresses are determined, tabulate their 
values, and draw certain conclusions and comparisons with those 
of other researchers. 
Statement of Problem 
The problem is that of determining the Hertzian gear-tooth 
contact stresses and duration of contact for each of five phases 
of contact for each gear set; namely, the pinion and L O X pump 
gear, the pinion and idler gear for the fuel pump system, and the 
idler and gear of the fuel pump reduction gear system. 
Data 
The following data were supplied b y Aero-Jet General Corpora-
1 Sponsored in part by ONR. 
Contributed by the Machine Design Division and presented at the 
Annual Meeting, Atlantic City, N. .J. November 29-December 4, 
1959 , o f T H E AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 
NOTE: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, August 
11, 1959. Paper No. 59—A-256. 
tion and Western Gear Corporation. The turbine shaft reaches 
a speed of 27,000 rpm in 1 sec from start-up. It delivers 4000 
hp at the 27,000 rpm. 
Pinion L O X Gear Idler Fuel Gear 
P D = 2.500 P D = 7 .9167 P D = 6.0833 P D = 7 .1667 
in. in. in. in 
N = 30 N = 95 N = 73 N = 86 
4> = 25° <t> = 25° 4> = 25° <f> = 25° 
P = 1 2 P = 12 P = 12 P = 12 
a = 0.002 a = 0.068 a = 0.068 a = 0.092 
in in. in. in. 
F = 1.50 F = 1.50 F = 1.50 F = 1.50 
in. in. in. in. 
hp = 4000 hp = 2210 hp = 1800 hp = 1800 
rpm = 27000 rpm = 8520 rpm = 11100 rpm = 9420 
SAE 4620 S A E 4620 SAE 4620 SAE 4620 
(Re), = 00 (Re), = 60 (Rc) , = 60 (Rc), = 60 
min min min min 
(Rc)c = 30 (Rc)c = 30 (Rc)c = 30 (Rc)c = 30 
mm mm min m m 
Lubricating oil is M I L - L 7808. 
Average temperature of gear box is 150 to 200 F. 
Remarks 
The Hertzian contact stress in gears is one indicator of the per-
missible load which a given set of teeth may cai'ry safely. I t is a 
factor used in determining score loads, pitting loads, and so on. 
Of course there are other factors of great importance, such as 
surface treatment, the lubricant used, the temperature involved, 
sliding velocity, and the like, but the contact stress serves as a 
definite indicator of permissible loads to be transmitted. 
The Hertzian contact times are now becoming of importance 
also, since it has been observed that these contact times are of 
-Nomenclature-
a = addendum, in. 
b = half width of band of contact, in. 
C = center distance, in. 
d = distance from pitch point along 
pinion surface, in. 
E = modulus of elasticity, psi 
F = face width, in. 
(Ht)p = contact time of pinion, microsec 
(#,)„ = contact time of gear, microsec 
(H,)L = maximum contact time of lubri-
cant, microsec 
hp = horsepower 
M, = transmitted torque, lb in. 
N = number of teeth R> = base radius of gear, in. 
N = contact ratio n = base radius of pinion, in. 
n = number of pairs of teeth in con- (Rc)» = Rockwell hardness of surface 
tact (RX = Rockwell hardness of core 
P = diametral pitch rpm = revolutions per minute 
P D = pitch diameter, in. TF = transmitted load normal to 
Vi = base pitch, in. tooth profile, lb 
Vc = circular pitch, in. = length of action, in. 
<lo = maximum contact pressure be- P = radius of curvature of tooth pro-
tween teeth, psi file, in. 
R = pitch radius of gear, in. 4> = pressure angle, deg 
T = pitch radius of pinion, in. CO = angular velocity, radians/sec 
R» = outside radius of gear, in. 1pp = angle shown on Fig. 2, deg 
r„ = outside radius of pinion, in. h = angle shown on Fig. 2, deg 
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Equations Used 
Five phases of contact of any particular pair of teeth are found 
to be of prime interest, namely, 1 the first or initial phase of con-
tact i; 2 the phase where one pair of teeth begins to carry all the 
load c; 3 the pitch point phase P; 4 the phase where two teeth 
again share the load d; 5 the last phase of contact e. The follow-
ing is a list of the important equations used: 
M, = 
I F = 
63030 X hp 
rpm 
Base radius 
rpm X 27T 
6 0 
N = * = -
Pt Vb 
Radii of Curvature (Fig. 2) 
Fig. 1 Arrangement of gears 
the same order of magnitude as the relaxation times of the lubri-
cants. It has been observed also, that these thin oil films, such 
as are found in gear-tooth mating, exhibit peculiar physical 
properties when loaded with extreme suddenness. These films 
are believed to act as elastic or plastic solids under these condi-
tions, providing great protection for the tooth surfaces. It is 
for these reasons that an analysis of these stresses and contact 
times may be of value. 
Definition of Hertzian Contact Stresses and Times 
Hertz, the German physicist, derived the equations of elas-
ticity by means of which the contact stresses between elastic 
bodies could be predicted [1].2 For a pair of spur gears making 
contact the elastically deformed area of contact is a rectangle. 
The maximum contact stress at the middle of this rectangle de-
pends upon the load, the principal radii of curvature, the moduli 
of elasticity of the materials, Poisson's ratio, and face width. 
The Hertzian duration of contact could be defined in any one 
of several ways. It could be defined as the time that a given 
•patch of the lubricant is entrapped between the surfaces of the 
contacting teeth for any given phase of contact. The patch 
could have any one of several areas. It could correspond to areas 
of molecular dimensions, line dimensions, full width of the band 
of contact dimensions, or the half-width of the band of contact 
dimensions. In this paper, we have used a patch whose area 
corresponds to the half-width of the band of contact multiplied 
by the face width of the gears. Thus the contact time for any 
particular phase of contact is defined as the time that this patch 
of lubricant is entrapped between the surfaces of the gear teeth. 
Method of Solution 
The contact stresses, for any given phase of contact, will be 
found by simply substituting proper values of the several variables 
involved into the appropriate equations for the stresses. These 
equations will be listed under Equations Used. Likewise, 
the equations for the Hertzian contact times will be listed under 
Equations Used. 
Point i (Pp)i = C sin 4> -
(P„)i = Ro sin i , 
R0 sin 
( 1 ) 
(2)  
( 3 ) 
( 4 ) 
(5) 
\ DRIVEN GEAR 
Fig. 2 Spur gear geometry 
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Point c (pp)c = r„ sin \pp - pb 
(P„)« = C sin <t> - r„ sin \pp + pb 
Point P (pp)P = r sin (j> 
(P„)p = R sin 
Point d (p„)j = C sin <t> - R0 sin ipc + pb 
(P„)d = Ro sin - Pb 
Point e (pp)„ = r0 sin \pp 
(Pg), = C sin <p - r„ sin \pp 
The maximum Hertzian contact stress q0 [1 ] is given by 







b = 0.635 ( J M 
\nF q0J 
( ID 
The Hertzian Contact Times 
For the pinion ( / / , )„ = (12)  
For the gear (H,) = (13) 
For the lubricant (H,)L is the smaller of the results of equations 
(12) or (13). 
Distance From Pitch Point 
It is found convenient to plot several of the variables involved 
against the distance from the pitch point to any point of contact 
measured on the surface of the pinion. An expression for this 
distance d is 
d = hp>-pP% (14) 
In this equation and in equation (11) a simplifying assumption is 
made that the load is equally distributed between the two pairs 
of teeth in contact. 
The half-width of the band of contact for any particular phase 
is given by 
The pinion velocity at the contact point perpendicular to the 
line of action is given by ppup and that of the gear is given by 
p0cos. The velocity of sliding at the point of contact of the pinion 
with respect to the gear is given by ppwp — p0co0. The numerical 
values of the products ppco„ and p^w, are such that the result is 
negative for the period of approach and positive for the period of 
recess. This indicates a change in the direction of the velocity of 
sliding at the pitch point. 
where p = radius of curvature of the pinion at the point consid-
ered, and pP = radius of curvature of the pinion at the pitch 
point. 
Results 
The results of the analysis are tabulated in Tables 2, 3, and 4. 
Table 1 gives the system data. A sample calculation of each of 
the pertinent quantities in these tables is given in the Appendix. 
Table 2 indicates that when the pinion and LOX pump gear 
mate at the initial phase of contact (i) the radius of curvature of 
the pinion will be 0.373 in. That of the gear is 1.828 in. The 
number of pairs of teeth in contact (n) is 2 for this phase. The 
maximum contact stress is 161,000 psi. The half-width of the 
band of contact is 0.00599 in. The sliding velocity is —580 in. 
per sec. The Hertzian contact time for the lubricant is 0.00000368 
sec. The distance from the pitch point to this initial point of 
contact, measured along the surface of the pinion tooth, is —0.062 
in. Further, Table 2 gives these values for each of the other 
four phases of contact. It will be seen that the maximum contact 
stress of those found in Table 2 is 206,000 psi. This comes at 
















Diametral P i tch P 18 18 18 12 12 
Canter D la tanoea , lnchea C K 5 .2083 -«-) (•4 . 8 9 1 7 6 .6860 -»J 
Presaure Ang le , degreea * 86 85 86 88 86 
Face Width, lnchea F 1 .8 1 .6 1 .6 1 .6 1 .8 
C i r c u l a r P l t o h , lnchea p c 
0 .8618 0 .2618 0 .8618 0 .2618 0 .8618 
Paae P i t c h , lnohea p b 
0.8373 0 .2373 0 .8373 0 .8373 0 .8373 




0 .098 0 .068 0 .098 0 .068 0 .098 
C o n t a c t R a t i o N 1 . 4 6 — H 1 .46 1 .68 «-| 
Tranamltted Load, pounda W 4540 4540 3710 3710 3710 
Number o f Teeth \ N e 30 96 30 73 86 
P i t ch Radlua, lnchea r R 1.8500 3 .9583 1 .2500 3.0417 3.8834 
Outalde Radlua, Inches r o R 0 1.3480 4 .0263 1.3480 3 .1097 3.6784 
Baae Radlua, lnohea r b "b 
1.1389 3.5874 1.1389 2.7867 3 .8474 
Angle f , degreea ft b 38°85
l 27 °00« 38°86> 27 °34 ' 27*86 ' 
Angular V e l o c i t y , radlana/aecond 8886 892 8886 1162 986 
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phase (c) at that instant when the load is now carried by one pair 
of teeth. The shortest Hertzian contact time is 3.66 microsec at 
phase e. 
Table 3 lists these various quantities for the pinion and idler 
combination. We note here that the greatest contact stress is 
191,000 psi. It also comes at phase (c). The shortest contact 
time comes at phase (e) again. It is 3.16 microsec. 
Table 4 lists these results for the idler and fuel pump gear 
system. It indicates a greatest contact stress of 137,000 psi, 
coming again at point (c). The shortest contact time is 4.68 
microsec, coming at phase (i). The greatest contact stress for 
the reduction gear system is 206,000 psi, coming at phase (c) of 
the pinion and LOX pump gears. The smallest contact stress is 
96,200 psi, coming at phase (e) of the idler and fuel pump gear 
combination. 
The greatest lubricant contact time is 7.70 microsec, coming at 
Tab le 2 Ana lys is of gear operat ing cond it ions; turb ine shaft p in ion and LOX pump gear 
Contact Phase ( 1 ) ( c ) (P) ( d ) ( « ) 
Radius of Curvature 
p in ion Inches 0 .373 0 .482 0 .528 0 .610 0.719 
Radius of Curvature 
gear ^ inches 1.828 1.719 1.673 1 .591 1.482 
Number o f P a i r s o f 
Teeth in C o n t a c t , n 2 2 1 1 1 2 2 
Maximum Hertr S t r e s s 
q n , k s l 161 145 206 199 189 134 129 
Half Width of Band of 
Contact b , mi l s 5 .99 6 .62 9 .35 9 .66 10 .1 7 .13 7 . 4 0 
Tangential V e l o c l ty ( f p u J p ) 
p i n i o n , Inches per second 1050 1360 1490 1730 2030 
Tangent ia l V e l o c i t y ( f g u J g ) 
g e a r , Inches per secoird 1630 1530 1490 1420 1320 
V e l o c i t y o f S l i d i n g , 
Inches per second -580 -170 0 310 710 
Contact Time, p ln lontHj . ) 
s u r f a c e , microseconds " 5 .68 4 .86 6 .e7 6 .46 5 .86 4 .12 3 .66 
Contact Time, gear ( H ^ a 
s u r f a c e , microseconds K 3 .68 4 .32 6 .10 6 .46 7 .13 5 .02 5 .63 
Maximum Lubricant ( H ^ L 
Contact Time, microseconds 3.. 68 4 .32 6 .10 6 .46 5 .86 4 .12 3 .66 
Dis tance from Pitch Po lnt f l ) 
a long p in ion s u r f a c e , i n . - 0 . 0 6 2 - 0 . 0 2 1 0 0 .041 0 .105 
Contact Phase ( 1 ) ( c ) (P ) ( d ) ( e ) 
Radius of Curvature 
p in ion Inches 0 .375 0 .482 0 .528 0 .612 0 .719 
Radius o f Curvature 
gear f , Inches 1.439 1 .332 1.285 1.202 1.094 
Number o f P a i r s o f 
Teeth In C o n t a c t , n 2 2 1 1 1 2 2 
Maximum Hert i S t r e s s 
q„> k s i 148 135 191 186 179 126 122 
Half Width of Band of 
Contact b , m i l s 5 . 3 1 5 .80 8 . 2 0 8 .44 8 .78 6 . 2 1 6 .42 
Tangent ia l V e l o c i t y ( f p U J p ) 
p i n i o n , Inches per second 1060 1360 1490 1730 2030 
Tangent ia l V e l o c i t y ( Or.) 
g e a r , Inches per secona 1670 1550 1490 1400 1270 
V e l o c i t y o f S l i d i n g , 
Inches per second -610 -190 0 330 760 
Contact Time, p in ion (Hfc)p 
s u r f a c e , microseconds 5 .02 4 .26 6 .02 5 .65 5 .08 3 .59 3 . 1 6 
Contact Time, gear (H^.)g 
s u r f a c e , microseconds 3 .18 3 .75 5 . 3 0 5 .65 6.29 4 .45 5 .05 
Maximum Lubricant ( F ^ ) L 
Contact Time, microseconds 3 .18 3 .75 5 . 3 0 5 .65 5 .08 3 .59 3 .16 
Dis tance from Pitch Polnt(d) 
a long p in ion s u r f a c e , I n . - 0 . 0 6 1 - 0 . 0 2 1 0 0 .042 0 .105 
Tab le 3 Ana lys is of gear operat ing cond it ions; turb ine shaft p in ion and id ler gear 
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Table 4 Analysis of gear operating conditions; idler pinion and fuel pump gear 
Contaot Phase ( 1 ) ( o ) ( P ) (<J> ( e ) 
Radlua o f Curvature 
p i n i o n lnohea 1 .078 1 . 8 0 2 1 . 2 8 5 1 . 9 1 5 1 .499 
Fadlua o f Curvature 
goar lnohea 1 . 7 2 2 1 .598 1 .514 1 . 4 8 4 1 . 8 6 1 
Number o f P a i r s o f 
Teeth In C o n t a c t , n 2 2 1 1 1 8 8 
Maximum Her t s S t r e a a 
« o ' k < 1 9 8 . 8 97 . 1 137 136 136 9 6 . 4 9 6 . 8 
Hal f Width o f Band o f 
Contaot b , ml1« 7 .94 8 . 0 8 1 1 . 4 1 1 . 5 1 1 . 5 8 . 1 4 8 . 1 8 
T a n g e n t i a l V e l o c i t y ( P p ^ p ) 
p i n i o n . I n c h e s p e r aecond 1260 1400 1490 1530 1670 
T a n g e n t i a l V e l o c i t y (eRUJU) 
g e a r . Inches per aecontl 1700 1580 1490 1460 1340 
V e l o o l t y o f S l i d i n g , 
lnohea per aeoond - 4 5 0 - 1 8 0 0 70 330 
C o n t a c t Time, p i n i o n ( H t ) _ 
s u r f a c e , m i c r o s e c o n d s 6 . 3 4 5 . 7 9 8 . 1 9 7 .70 7 . 5 3 5 .33 4 . 8 7 
Contaot Time, g e a r 
s u r f a c e , ml c roaeconda 4 . 6 8 5 . 1 5 7 . 2 6 7 . 7 0 7 . 8 7 5 . 5 6 6 . 0 8 
Maximum L u b r i c a nt (H^)L 
Contac t Time, mlc roaeconda 4 .68 5 . 1 3 7 . 8 6 7 . 7 0 7 . 5 3 5 . 3 3 4 . 8 7 
D i s t a n c e from P i t c h Polnt (d) 
a l o n g p i n i o n s u r f a c e , I n . - 0 . 0 8 9 - 0 . 0 3 8 0 0 . 0 1 4 0 . 0 7 6 
in 
1 
in V) UJ - (£250 1-<0 
- 220C 








N 1-<r m 










4 .06 .08 .10 
PINION SURFACE (In) 






















* -.02 0 .02 .04 .06 08 
E FROM PITCH POINT ALONG PINION SURFACE (in. 
0 
Fig. 3 Contact stress for turbine shaft pinion and LOX pump gear 
the pitch point phase of the idler and fuel pump gears. The 
shortest contact time is 3.16 microsec, coming at phase (e) of the 
pinion and idler gears. 
Figs. 3, 4, 5 show the maximum Hertzian contact stresses 
plotted against the distance from the pitch point to the points of 
contact of the five phases of contact. Figs. 6, 7, 8 show the con-
tact times plotted against the distance from the pitch point to the 
points of contact of each of the five phases of contact. In these 
figures, calculations were made only for each of the five phases 
shown. In connecting the points on these graphs, straight lines 
were used for simplicity. These straight lines do not necessarily 
represent the functional relationship between the co-ordinates for 
other phases of contact. 
Conclusions 
It may be concluded that the Hertzian contact stresses fall 
within the general range of values found for any sets of well 
designed and proportioned gears. From the point of view of 
contact stresses alone it would be expected that these gears 
would perform well as they have been found to do. 
From the point of view of contact times we find that these 
values are relatively high compared with the contact time of one 
microsec at which Borsoff [3] found that it was difficult to im-
pose loads great enough to cause scoring. It is difficult to 
predict at present just what effect this might have on the over-all 
operation of the gears, because not enough is known concerning 
these contact times and their consequences. But it is probably 
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Fig. 5 Contact stress for idler gear and fuel pump gear Fig. 7 Contact time for turbine shaft pinion and idler gear 
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Fig. 8 Contact time for idler pinion and fuel pump gear 
safe to say that they are of the correct order of magnitude, 
namely of the microsec time, to be sudden enough so that 
these thin films are acting like elastic or plastic solids. A gen-
eral statement could be made to the effect that here is a reduction 
gear system which has proved very successful, the analysis shows 
that it is well designed, and the information gained should be 
valuable in future designs. 
Comparisons 
Recently Gatcombe, Hunnicutt, and Kinney [5] presented 
similar analytical work in which a set of gears used by Borsoff 
[3] was analyzed. In this work a set of steel gears, having ap-
proximately the same hardness as those used by Aero-Jet had 
contact stresses ranging from 108,900 to 177,500 psi with contact 
times from 4.7 to 18.6 microsec for a speed of 5000 rpm. 
For a speed of 27,000 rpm the contact times of Borsoff's gears 
would be approximately 0.87 to 3.44 microsec. One observes 
that these times compare quite closely with those found in the 
present paper. Borsoff found that it was difficult to impose 
loads great enough to cause scoring when operating at speeds 
above 20,000 rpm. It would then appear that a contact time 
of 4 or 5 microsec is short enough to cause these films to act 
as elastic or plastic solids rather than viscous fluids. 
Both Borsoff's gears and those of Aero-Jet carried their load 
succeesfully. However, in making comparisons, one must realize 
that the rocket-motor reduction gears have a life of minutes, 
whereas the others may have days or years. 
Score factors were not studied in this paper. These should be 
analyzed next. Undoubtedly, contact times are related to scor-
ing as was shown by Borsoff. As far as the authors know, 
theoretical work relating these two factors has not been pub-
lished. When more information is obtained, a possible ranking 
system for the gear materials may be initiated. 
The authors would encourage others to carry out similar 
analyses on gears which have not proved entirely successful, as 
well as those which have had successful operations. Further 
studies would then lead to establishment of valuable design limi-
tations. 
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APPENDIX 
Sample calculations are now carried out for evaluating each of 
the typical quantities found in the tables. These quantities are 
computed for phase (i) for the pinion and LOX pump genr. 
AI = 63030 X 2200 = 16300 Ib in. , 8520 ' 
16300 W = - - = 4540 1b 3 .5874 
27000 X 6.28 
wp = 60 = 2826 rnd/scc 
r. 1.1329 cos ,p, = - = -- = 0.8442 
T, 1.3420 
I/;p = 32 0 25' 
cos,p, = R. = 3.5874 = 0 8910 R, 4.0263 . 
1/;, = 27 0 
Z = ie = ae-m 
ae T,sin,p, = 1.342 X 0.5360 = 0.7193 in. 
ai (pp ), = 5.2083 X 0.4226 - 4.0263 X 0 .4540 
ai 0 .373 in. 
Z ie = 0 .7193 - 0 .373 = 0 .3463 in. 
_ 0.3463 
N= -- =146 0.2373 . 





(p,), = 5 .2083 X 0.4226 - 4.0263 X 0.4540 = 0.373 in.} (5) 
(p,), = 4 .0263 X 0.4540 = 1.828 in. 
(pp), = 1.3420 X 0.5360 - 0.2373 = 0.482 in. } 
(p,), = 5.2083 X 0 .4226 - 1.3420 X 0 .5360 + 0 .2373 = (6) 
1.719 in. 
(pp)p = 1.2500 X 0 .4226 = 0 .528 in.} (7) 
(p,)p = 3 .9583 X 0.4226 = 1.673 in. 
(pp), = 5.2083 X 0 .4226 - 4 .0263 X 0.4540 + 0.2373 =} 
0 .610 in. 
(p,), = 4.0263 X 0 .4540 - 0 .2373 = 1.591 in. 
(p,), = 1.3420 X 0 .5360 = 0 .719 in. }(9) 
(p,), = 5.2083 X 0.4226 - 1.3420 X 0 .5360 = 1.482 in. 
Her'zian Can'act Siress 
= 0.418 [ 4540 X 30 X 10'(0 .373 + 1.828)J 'I' 
2 X 1.5(0 .373 X 1.828) 
= 161,000 psi 
Half-Wld'h of Band of Contact 
( 10) 
4540 (b), = 0.635 X = 0.00599 in. (11) 2 X 1. 5 X 161,000 
Tangential Velocity and Velocity of Sliding 
P,w, = 0.373 X 2826 = 1050 in./sec 
Pf1w, = 1.828 X 892 = 1630 in./sec 
Journal of Engineering lor Industry 
Velocity of sliding = Ppwp - Puw, 
1050 - 1630 - -580 in ./,ec 
Hertzlan Contact Tim es 
For the pinion (HI )' 0.00599 = 5. 68 micl'Osec 0.373 X 2826 
F I H) 0.00599 . or tIe gear ( Ii = 1.828 X 892 = 3.68 mlCrosec 
For the lubricant (HI), = 3.68 microsec 
Distance From Pilch Point Along Pinion Surface 
( 12) 
(13) 
(d), = 1 [(0.373)' _ (0.528)'1 = -0 .062 in. (14) 2 X 1.1329 
A negative sign indicates contact on the flank of the toothj a 
positive sign indicates contact on the face of the tooth. 
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